There are indications of a possible breakdown of the standard model, suggesting that τ lepton interactions violate flavor universality, particularly through B meson decays. BABAR, Belle and LHCb report high ratios of B → D ( * ) τ ν. There are long-standing excesses in B → τ ν and W → τ ν decays, and a deficit in inclusive τ to strange decays. We investigate whether two Higgs doublet models with the most general allowed couplings to quarks, and a large coupling to τ leptons, can explain these anomalies while respecting other flavor constraints and technical naturalness. Fits to B → D ( * ) τ ν data require couplings of the new Higgs doublet to down-type quarks, opening the door to many highly constrained flavor-changing neutral current (FCNC) processes. We confront these challenges by introducing a novel ansatz that relates the new up-and down-type Yukawa couplings, and demonstrate viable values of the couplings that are free from fine tuning. LEP and LHC searches for new Higgs bosons decaying via H 0 → τ + τ − and H ± → τ ± ν allow a window of masses mH = [100-125] GeV and m± ∼ 100 GeV that is consistent with the predictions of our model. Contamination of the W + → τ + ν signal by H + → τ + ν decays at LEP could explain the apparent W → τ ν excess. We predict that the branching ratio for Bs → τ + τ − is not far below its current limit of several percent. An alternative model with decays of B → D ( * ) τ νs to a sterile neutrino is also argued to be viable.
INTRODUCTION
The origin of the Standard Model (SM) flavor structure is a mystery, and any model predicting new patterns of flavor violation must confront very strong experimental bounds. This has given rise to the Minimal Flavor Violation (MFV) paradigm [1] [2] [3] [4] as a guide for constructing new physics beyond the SM, that has been highly influential in recent years. MFV is extremely effective for suppressing flavor changing neutral currents (FCNCs). In this work we confront some hints of new physics for which MFV seems generally too strong to accommodate the observed deviations. We are thus motivated to consider an alternative that can allow for larger nonstandard flavor effects.
Several recent experiments indicate possible deviations from the SM in some flavor-specific observables involving τ leptons. BaBar, Belle, and LHCb report the ratios R(D) and R(D * ), defined as
where = e, µ. The summary of the SM predictions and the measurements is shown in table I. The reported measurements are consistent with each other, and with previously reported results [5] [6] [7] . The measurements are also consistent with e/µ universality. However, the naively combined experimental value for the ratio R(D ( ) ) differs from the SM prediction by more than 3 σ. * jcline@physics.mcgill.ca
There have been other hints of a breakdown of lepton flavor universality between τ and e/µ. The measured decay rate of B → τ ν displays some tension with the SM prediction. Although a recent measurement by Belle [8] has reduced the discrepancy to the level of 1.7 σ, the current world average measurement remains a factor of 1.5 higher than the SM prediction (see ref. [9] for a recent review.) The observed rate of W → τ ν is also in tension with the standard model predictions: the LEP measurement is ∼ 10% above the SM value, at 2.4 σ significance. The inclusive decays of τ to strange quarks yield a value of the CKM matrix element V us significantly lower than that required for unitarity [10] .
A number of authors have studied B → D ( * ) τ ν in the context of type-III two Higgs doublet models (2HDMs), in which the most general couplings of fermions to both doublets are allowed, as well as model-independent analyses that include this framework [11] [12] [13] [14] [15] [16] [17] . There are two possible operators contributing to the hadronic part of these processes, mediated by charged Higgs exchange, proportional to C cb S Rc L b R and C cb S Lc R b L , respectively. (For simplicity we assume that the coefficients are real in the present work.) Some studies [11, [13] [14] [15] 17] found
SM 0.297 ± 0.017 0.252 ± 0.005 Belle [6] 0.375 ±0.064±0.026 0.293 ±0.038±0.015 BaBar [5] 0.440 ±0.058±0.042 0.332 ±0.024±0.018 LHCb [7] 0.336 ±0.027±0.030 Expt. avg.:
0.408 ± 0.050 0.321 ± 0.021 by itself is sufficient to get a good fit to the observed decay rates. However several recent analyses [16, 18] obtain best-fit regions requiring C
In particular, these studies use not only the total rates but also the differential decay distributions as inputs to their fits, finding that C cb S L by itself does not fit the decay spectra.
This difference is crucial for model building, since having C cb S L = 0 only requires that the new up-type Yukawa matrix ρ u (which couples mainly to the nonstandard Higgs doublet) is important, while keeping the downtype couplings ρ d ∼ = 0. If C cb S R is also large, then ρ d ∼ ρ u , making it much more challenging to satisfy constraints on FCNCs. The purpose of this paper is to see how far one can go toward overcoming these challenges, within the context of 2HDMs, if the indication for C cb S R ∼ −C cb S L persists in future analyses.
We will show that some of the flavor challenges can be addressed if ρ u and ρ d are related to each other in a particular way that involves the CKM matrix. This is a new ansatz for helping to give flavor protection to type III 2HDMs, which might be of interest more generally than for the particular applications that motivated us here. It is quite different from MFV, yet it appears to facilitate adequate control over FCNCs to make the theory viable, especially in the down-quark sector where the constraints are strongest.
The model is strongly constrained by LEP and LHC searches for the new charged Higgs decaying into τ ν and the neutral one decaying to τ + τ − . We find a window ∼ [100-125] GeV of allowed masses for the new scalars that passes the collider constraints while allowing for an explanation of the B decay anomalies. Scalars of these masses are just beyond the kinematic reach of LEP, while being in a region of low efficiency for LHC searches, if their couplings to quarks are sufficiently small.
The outline of the paper is as follows. In section 2 we define the model. In section 3 we derive constraints on the new Yukawa couplings ρ ν , ρ u , ρ d arising from fits to R(D) and B → τ ν, and a few key flavor-sensitive decays. Section 4 examines the collider constraints determining the allowed mass range of the new ∼ 100 GeV Higgs bosons. In section 5 we present a novel ansatz relating ρ u and ρ d , that allows these constraints to be satisfied in a controlled way. It is a linear relation involving the CKM matrix V , a diagonal unitary matrix U , and an O(1) parameter η: ρ † u V = η U V ρ d . In section 6 we calculate observables from meson oscillations that most strongly constrain the scenario, while in section 7 we show that rare decay processes that might challenge it are within the experimental limits. Section 8 obtains a numerical fit to the couplings ρ ij d , that determine ρ u through our ansatz. In section 9 we estimate the size of loop contributions to the nonstandard Yukawa and Higgs couplings to establish technical naturalness of the model. In section 10 we outline a microscopic model that naturally implements the "charge transformation" mechanism for relating ρ u and ρ d in the manner of our ansatz. We outline an alternative version of the model in section 11, where the leptonic coupling ρ e is replaced by a coupling ρ ν to neutrinos, assuming a light sterile neutrino in the anomalous decays of B, rather than ν τ . This model is less constrained by LHC searches for the neutral Higgs. Conclusions are given in section 12. Details of the sterile neutrino version of the model are given in the appendix.
THE MODEL
We begin with the most general two Higgs doublet model, where H 1 and H 2 are the doublets, each coupling to all the fermions. They have the conventional decomposition
in terms of the real and imaginary parts of the neutral components. The Yukawa coupling Lagrangian is 
where the potential is defined as
In this basis of fields, H 2 has no vacuum expectation value, requiring the condition m 2 12 + λ 5 v 2 /2 = 0. This is just a choice of field coordinates, which in general can always be achieved by doing a rotation (conventionally denoted by angle β as well as a possible rephasing) between H 1 and H 2 ; however in section 10 we will argue that the Yukawa couplings were generated directly in this basis, so that theŷ andρ matrices can naturally have very different magnitudes and structures.
For simplicity we will assume that the potential (5) is CP-conserving, so that there is no mixing between scalars and the pseudoscalar. The rotation between the Higgs basis fields and the CP-even mass eigenstates is
Here we have used notation that is conventional in 2HDMs, such that for s βα ∼ = 1, the SM-like Higgs boson h is mostly H r 1 . For small |c βα |, the mixing angle is approximately determined by
where the SM-like, new neutral and charged Higgs boson masses are respectively
These approximations are valid for small mixing. We will also require that the splittings between masses of the neutral scalars H, A (CP-even and CP-odd respectively) are small, so that they can be regarded as components of a complex neutral field for most purposes. This not only simplifies the model but also proves useful for suppressing some FCNC effects as we will show. Small splittings are consistent with |c βα | 1 and |λ 3 | 1, since it can be shown (without any approximation) that
(see for example [19] ). We will therefore assume that |λ 3 | 1 in addition to |c βα | 1. Although λ 2 could a priori be relatively large, in this work we will be interested in masses of order m H m h and m ± ∼ 100 GeV, corresponding to λ 2 0.2. Electroweak precision data (see eq. (10.26) of ref. [20] ) would allow for larger splittings, with m H as large as 175 GeV for m ± ∼ 100 GeV. The couplings λ 4 , λ 6 play no direct role for our predictions, but can be relevant for understanding the expected size of radiative corrections to the λ i couplings, as we will discuss in section 9. Vacuum stability requires that λλ 6 /2 > −λ 2 if λ 2 < 0. As usual, biunitary rotations on the quark fields in L Y diagonalizeŷ u ,ŷ d ,ŷ e , with the scalar doublets still in the Higgs basis. The subsequent rotation (6) then brings L Y to the form
where P R = (1 + γ 5 )/2 is the usual chiral projector and v 246 GeV (see for example the discussion in [21] ). The matrices ρ ij f with f = e, u, d are in general complex and can induce tree-level FCNCs. They are given explicitly by
eρe R e , where the unitary matrices transform between the weak and mass eigenstates, and determine the CKM matrix V = L † u L d . The charged scalars couple to the fermions as
where
ν L e is the PMNS neutrino mixing matrix. Since neutrino oscillations are unimportant in the processes under consideration, we henceforth replace U ν ν → ν with the understanding that ν refers to the initially emitted flavor eigenstate.
EXPLAINING THE ANOMALIES
Our primary motivation is to present a framework that is able to simultaneously explain the excess signals in processes with final state τ leptons: B → D ( * ) τ ν, B → τ ν and W → τ ν. In addition we consider the hint of a deficit in τ → K − ν decays. In this section we will show how these can come about at tree level due to exchange (or decay) of the charged Higgs H ± , for appropriate choices of the new Yukawa couplings in ρ e , ρ d and ρ u . The decays of B, B s and h into τ + τ − provide immediate constraints on the scenario, which we therefore also consider in this section.
New contributions to B → Dτ ν can be mediated by the tree-level exchange of the charged Higgs H ± if ρ iτ e is nonzero, as can be seen from eq. (14) . The matrix element ρ τ τ e turns out to be the optimal choice for satisfying the combined constraints from LHC searches for the neutral boson H 0 and rare leptonic decays of B and B s mesons. We will therefore assume that ρ τ τ e = 0, while the remaining entries in ρ ij e are very small or vanishing. Integrating out the H ± then produces the effective Hamiltonian
that is relevant for b → cτ ν at the quark level. Ref. [16] performed a fit to the B → D ( * ) τ ν rates and decay spectral using the two operators in (15) , which interfere with the standard model contributions. Two viable solutions for the Wilson coefficients were found there, of which the smaller ones correspond to
There is an intriguing relationship between the couplings,
about which we will say more below.
B → τ ν
The contribution of the new charged Higgs to B + → τ + ν decay modifies the branching ratio (BR) as [13, 22, 23 ]
To estimate the possible allowable size of the new physics (NP) contribution, we take the enhancement factor in the second line of (19) to be less than 2.6, the ratio between the 3σ maximum allowed value of the world average measurement (1.14 ± 0.27) × 10 −4 and the CKMfitter prediction [24] 0.76 × 10 −4 of the BR. This gives the bounds
Curiously, this suggests a relation similar to (18) , but with the opposite sign,
In section 5 we will present an ansatz that combines these two conditions in a concise way. If the indication for a factor of 1.5 excess in the observed versus SM predicted partial width is interpeted as evidence for new physics, then the condition (21) is not a strict equality, and we should replace (20) with the condition
where we used (16) (17) to eliminate ρ
The branching ratios for W → ν were measured by the LEP experiments for the individual lepton flavors, from the production of W + W − pairs. The averaged results are [20] B(W → eν) = (10.71 ± 0.16)% B(W → µν) = (10.63 ± 0.15)% B(W → τ ν) = (11.38 ± 0.21)%
The ratio of decays to τ ν versus the first two generations is
(24) which deviates from 1 by 2.35 σ. It was suggested by refs. [25, 26] that the excess could be due to contamination of the W decay signals by charged Higgs bosons with mass close to m W decaying to τ ν. In a detailed reanalysis of data reported by DELPHI, it was found that the discrepancy could be reduced to 1.03 for a charged Higgs mass of m ± = 81 GeV and B(H → τ ν) = 0.7, B(H → qq) = 0.3, values ruled out by the more recent LEP study [27] . Ref. [25] found that for B(H → τ ν) = 1, which is the appropriate limit for our model, the observed R τ / could be explained if m ± = 94 +4 −3 GeV in the 2σ region. This is marginally compatible with the combined LEP limit of m ± < 94 GeV [27] .
More recent LHC measurements of W → τ ν [28] do not see evidence for any excess, but this does not contradict having an observable effect at LEP since the production mechanism for H ± in this case depends upon its coupling to quarks, which is very small in our model. The same remark applies for the Tevatron, where no such effect was observed either.
We do not attempt to reanalyze the LEP signal here, but point out one potentially important difference between our model and those considered previously in this context. We will require a sizable coupling ρ τ τ e ∼ = 2.5 leading to a large width for the charged Higgs,
for m ± = 100 GeV. This could allow for a greater effect on R τ / with m ± > 95 GeV than would be possible in the usually assumed case where H ± width effects are ignored.
Decays of τ into strange particles are among the processes used to determine the CKM matrix element V us . The HFAG collaboration recently noted that the inclusive decays of this kind lead to a determination that is 3.4 σ below the value consistent with unitarity, while the average from all τ decays is 2.9 σ too low [10] . This discrepancy could be explained if the contributions from charged Higgs exchange interfere destructively with the SM amplitudes.
Focusing on the specific decay τ → K − ν, the new contribution to the amplitude is given by
Taking the central values of |V us | = 0.2211 ± 0.0020 determined from τ → Kν and |V us | = 0.2255 ± 0.0010 from CKM unitarity [10] , we estimate that (27) (assuming fiducial values ρ τ τ e = 2.5 and m ± = 100 GeV that will be preferred below). The minus sign is necessary to get destructive interference between W ± and H ± exchange, given that the relative signs of ρ τ τ e and V ρ d are fixed by requiring constructive inteference in B → D * τ ν decays.
We will find that there is some mild tension between (27) and other observables (notably b → sγ) in the numerical fit to be described in section 8, so that we do not insist on this potential anomaly in our fits. However it can plausibly fit into the general pattern of deviations in τ interactions that are addressed by our model.
Constraint from
Because of mixing in the scalar sector, the SMlike Higgs acquires small additional couplings c βα ρ f to fermions. They contribute to the partial width of h as
for all kinematically accessible final states (with N c colors), where
e is the largest new coupling.
New contributions to the decays into τ + τ − are constrained by ATLAS and CMS observations [29] . Deviations from the SM expectation are characterized by a coupling modifier κ τ = |1 + c βα ρ 
at 95% confidence level. Later we will adopt a fiducial value of ρ τ τ e = 2.5. In that case the central value of (29) implies c βα = −7.8 × 10 −3 . This region corresponds to the amplitude for h → τ + τ − having the opposite sign relative to the SM value. 
where f B = 0.19 GeV is the B decay constant [30] . If we tried to satisfy the constraint in (16) 
where the lowest value in the interval corresponds to saturating the limit (32 to the branching ratio.
COLLIDER CONSTRAINTS
We next consider LEP and LHC searches for charged and neutral Higgs bosons with decays principally into τ leptons, as predicted in our model. The charged Higgs can also have an indirect signature through its effect on the h → γγ partial width. σ(bb→H) . 
Charged Higgs searches
ATLAS [33] and CMS [34] have recently reported on searches for charged Higgs particles decaying into τ ν, which is the principal decay channel of H ± in our model. These searches constrain our scenario in the mass ranges m ± ∈ [80, 160] GeV and [180, 1000] GeV, complementing previous LEP studies that excluded m ± < 95 GeV [27] for H + decaying with branching ratio of 100% into τ + τ − as is the case in our model. At low masses m ± < 160 GeV, the product of branching ratios
is bounded, since the dominant production process is through top quark decays into H ± b. Our model predicts that
ignoring m b , where Γ t = 1.4 GeV is the measured width of the top quark. 1 The prediction is plotted along with the CMS limit in fig. 1 
0.2 in this mass range [35] . CDF obtains the stronger limit of 0.06 [36] , which however is still not competitive, and we do not show the Tevatron limits on the plot. At higher masses m ± > 180 GeV, the H ± is produced by its coupling to tb, either through gg → H +t b or gb → H +t . In fig. 1(b) we compare the CMS bound to the model predictions taking the lower value of ρ bb d indicated in eq. (33) 2 A charged Higgs mass up to 220 GeV could 1 The NP contribution to Γt must be less than 1% in the experimentally allowed region. 2 We thank Grace Dupuis for computing this production cross section using MadGraph be consistent with this search. (33)), H 0 typically has a larger coupling to b quarks than does the SM Higgs boson. As a result, neutral H 0 production by gluon-gluon fusion [40] [41] [42] , which is the dominant process for the SM Higgs, can be small compared to bb fusion, leading to strong constraints on the σ(bbH) cross section. These limits are weakest at low m H , and also at low m ± due to the scaling of ρ The CMS search has marginal evidence for excess events at m H ∼ = 90 − 100 GeV, as shown in fig. 2 
(b).
There is a slight preference for nonzero values of the two production cross sections σ(ggH) and σ(bbH). Our model predicts very small values of the former, ∼ 0.1 pb, but significant values of σ(bbH). We show the range of predictions corresponding to ρ 
, as a function of their mass mH in GeV. S95 is the 95% c.l. upper limit on the ratio of the observed cross section to the predicted one. R(D) (eq. (16) In the LEP analysis it was assumed that both neutral Higgs bosons are nearly degenerate, which is the same assumption that we make in our model. The pair production cross section is model-independent, since it depends only upon the SU (2) For m H ≥ 100 GeV, the allowed cross section is more than 5 times greater than predicted, allowing for overlap between the LEP-and CMS-allowed regions.
CDF constrained the gluon fusion cross section σ(ggH) times B(H → τ + τ − ) to be less than 1.7 pb for m H = 115 GeV [46] , while the SM prediction is σ(ggH) SM = 1.07 pb [47] .
In our model
GeV [48] . The SM cross section is σ(bbH) ∼ 6 fb near this mass [49] , which gets scaled by (ρ
2 ∼ = 5 in our model, again much smaller than the limit.
In summary, m ± ∼ = 100 GeV and m H ∼ = [100-125] GeV are the favored mass ranges for satisfying the combined limits from LEP and LHC, subject to the constraints from flavor physics discussed in section 3. A large value ρ τ τ e = 2.5 is also needed, which we will show is allowed by lepton flavor universality of Z → decays, in section 7.1. Larger values of m ± require larger values of ρ bb d to explain R(D), making it more difficult to respect searches for the neutral Higgs.
Charged Higgs contribution to h → γγ
The charged Higgs contributes to h → γγ at one loop, with an amplitude that is proportional to
(see for example ref. [50] ) where the first two terms are from the top quark and W boson loop, giving −6.5,
in the last term. The effective coupling strength is therefore κ γ = |A/6.5| ∈ [0.72, 1.14] using constraints from AT-LAS and CMS [29] . We then find that the Higgs potential coupling λ 1 is bounded by − 0.7 < λ 1 < 1.4 (36) for m ± = 100 GeV.
CHARGE TRANSFORMATION FLAVOR ANSATZ
Two Higgs doublet models have had a long history of proposed mechanisms to control FCNCs, starting with that of Glashow and Weinberg [51] , where up and down quarks are restricted to couple to different Higgs doublets. More recent ideas include the Cheng-Sher texture [52] , MFV [1] [2] [3] and alignment [14, 53] . The ansatz we suggest is distinct from these, and takes the form
where η 1 and U is a diagonal unitary matrix, whose first element is U 11 = −1, while the second is U 22 = +1. The third element U 33 is not yet determined by experimental constraints. We note that if U 33 ∼ = −1 then U would be special unitary. The structure (37) must of course be supplemented by a choice of entries for ρ d from which ρ u can be computed, or vice versa. Let us comment on the general utility of this ansatz for the B decays of interest. The signs chosen for U 11 and U 22 are such that the relations (18, 21) are satisfied. The effect of the sign difference between U 11 and U 22 can be understood by using (37) to eliminate ρ † u V from the charged current interactions of the quarks with H + , which then take the form
If η U 11 = −1, the projection operators combine as P R + P L = 1 for the coupling to up quarks, forming a pure scalarūb that cannot interpolate between the pseudoscalar B + meson and the vacuum, hence giving no contribution to B → τ ν decay. For η U 22 = +1, the combination P R − P L = γ 5 is pure pseudoscalar, in agreement with the sign difference in the fit result C
The value of η is independently determined by either of the two anomalous measurements. Using (16) (17) and (22) respectively, we find that
It is encouraging that these two estimates are consistent within the experimental errors. We adopt the compromise η = 0.8 in the following. We note that in the limit η = 1, the excess in B → D ( * ) τ ν is completely in the vector D * channel and absent from the D final states, because of the parity of thecγ 5 b pseudoscalar coupling. By letting η = 1, this charged current coupling acquires a scalar component interpolating to pseudoscalar D final states as well. The current data are consistent with most of the anomaly being in the D * channel since the error bars are smaller there (see table I ).
The relation (37) at first sight looks peculiar, since it relates two flavor symmetry breaking effects, associated with quarks of opposite charges. For convenience we give it the name of "charge transformation" (CT) mechanism. In section 10 we will show that such a structure can reasonably arise from a more fundamental theory of flavor. For now we will take it as a working hypothesis and check whether it is sufficient to help control FCNC's, in conjunction with some specific choices of ρ d couplings.
In section 8 we will allow for all elements of ρ d to be nonzero, consistent with a wide variety of experimental constraints. Here we make the approximation of realvalued ρ d (as well as CKM matrix) so that there are only nine parameters in ρ d . The fact that there exists a solution that can satisfy many more than nine constraints (not all of which are upper bounds because of the anomalies) is striking. Moreover we will show that there is no need for fine tuning of the parameters. 
provides strong constraints on their sizes. In this section we determine the tree-level and one-loop predictions of the model in the presence of general couplings.
Neutral meson mixing: generalities
The new Higgs bosons induce contributions to neutral meson oscillations. At the quark level, they can be described by an effective Hamiltonian in which the bosons have been integrated out. In general it can contain a number of operators with different Lorentz and color structure. Even though tree-level exchanges only produce two of these operators, at one loop two additional ones are also generated.
The most general effective Hamiltonian for neutral meson mixing is
where the flavor indices run over ij = sd, cu, bs, bd (also denoted K, D, B s , B d respectively) and the operators are
Here α, β are colour indices, andQ k are related to Q k by taking R ↔ L. The coefficients of the latter are experimentally constrained at the same level as the ones without tildes.
Integrating out the neutral scalars, we obtain the coefficients
If H and A are nearly degenerate as we envision in our model, then there is strong destructive interference between their contributions to C 2 ,C 2 . This can be understood in terms of the original complex fields H ± iA from the fact that the (H ± iA) 2 propagator vanishes when H and A are degenerate. On the other hand there is no such cancellation for C ij 4 , so it provides the most stringent constraints, unless one of (y φ ) ij or (y † φ ) ij vanishes. However naturalness favors roughly symmetric Yukawa matrices, as we will show, so that C ij 4 is not suppressed in this way.
Tree-level constraints on mixing
New tree-level contributions to neutral meson mixing are mediated by the neutral Higgs bosons. The C ij 2 coefficients get contributions of opposite signs from the CPeven and odd boson exchanges. Using the mass relation (9), they can be reorganized into the form
The terms proportional to c 2 βα are negligible if λ 3 is not too small. Later we will find that λ 3 ∼ = 10 −3 can be consistent with technical naturalness, so we adopt this value in what follows. For m H ∼ = m A ∼ = 100 GeV, the constraints on the coefficients become [54, 55] . In our fits we will impose the more stringent ones. These limits scale as (m H /100 GeV)(λ 3 /10
In the limit of small Higgs mixing and nearly degenerate H and A, the C ij 4 coefficients take the form
They scale as m H /(100 GeV). By comparison of (50) and (52) we see that C 4 gives more stringent constraints than C 2 if the coupling matrices ρ ij q are symmetric, which will be approximately true in our later determination.
One-loop contributions to mixing
At one loop, the charged and neutral Higgs bosons give contributions to neutral meson mixing that are higher order in ρ u,d , except for loops involving W ± exchange. We start with box diagrams involving the exchange of two scalars, followed by exchange of one H ± and a W boson. For mesons containing down-type quarks we find
for down-quark type mesons, while for D 0 mesons
and we neglect the m below the upper limits. But since they depend upon different combinations of the ρ couplings, which are hierarchical, it was not a priori obvious that they should be negligible.
RARE DECAYS AND (g − 2)τ
Our model predicts a variety of rare decays beyond those already considered in section 3, and a new contribution to the anomalous magnetic moment of the τ . Although they are potentially constraining, most of them turn out to be less so than tree-level meson mixing. The loop enhancement of Z → τ + τ − (and Z → ν τντ ) is the most important of these since it sets the limit on how large the ρ τ τ e coupling can be, which is central to the explanation of the τ anomalies. The prediction for τ → π − ν is close to the experimental limit for this decay, while the NP amplitude of b → sγ is the next most significant, a factor of four below the experimental limit.
The coupling ρ τ τ e introduces lepton universality violation in Γ(Z →¯ ), when comparing = τ to = e, µ.
Such deviations are constrained by LEP, which has reported [20] 
The new contributions from exchange of the heavy charged and neutral scalars are shown in fig. 3 . These one-loop diagrams give the effective interaction term for the right-handed component of τ coupling to Z:
where c W = cos θ W and s W = sin θ W . In the limit of vanishing lepton masses, the loop integrals involving the neutral Higgs H 0 are given by
while those involving H ± (denoted by F The analogous expressions to (58) for the couplings of τ L are given by
Writing R τ /e = 1 + ∆R τ /e , the predicted value of the deviation is
We take the 1σ experimental upper limit which gives − 0.0013 < ∆R < 0.0051 (62) to obtain the upper bounds on |ρ τ τ e | shown in fig. 4 . (A similar calculation for more general boson masses was carried out in ref. [56] .)
Z → ντντ
Similar diagrams to those in fig. 3 contribute to the amplitude for Z → ν τντ decay. We find that the perturbation to the tree-level coupling in analogy to (58, 60) is given by
The branching ratio to invisible decays is changed by
For the fiducial values ρ τ τ e = 2.5, m ± = 100 GeV that we will adopt, this leads to an increase ∆Γ inv = 1.1 MeV in the invisible width of the Z. This is close to but consistent with the combined LEP upper limit ∆Γ inv < 2 MeV [57] at 95% c.l..
W → τ ν
Distinct from the tree-level H ± decays that might have faked W → τ ν events at LEP, discussed in section 3.3, there is an actual perturbation to the amplitude for W → τ ν from loops analogous to those in fig. 4 . In this case, diagrams of type (b) do not contribute because they require a chirality flip leading to suppression by m τ , since W couples only to left-handed particles. The remaining diagrams give a fractional correction to the W τ ν coupling of
with the loop functions in brackets evaluating to ∼ −0.1 for the Higgs boson masses of interest. For ρ τ τ e = 2.5, this leads to a fractional increase in the branching ratio of 0.2%, which is the same as the experimental error [20] . This contribution, while not enough by itself, goes in the right direction and could work in combination with the H ± decays to explain the the observed excess.
τ anomalous magnetic moment
The anomalous magnetic moment of the τ is at present only weakly constrained, −0.052 < ∆a τ < 0.013 [20] . At one loop, the leading contribution in our model comes from neutral H exchange (see for example ref. Frequently the dominant contribution to such processes in 2HDMs is the two-loop Barr-Zee (or BjorkenWeinberg) [59, 60] diagram with a top quark or other particle in one of the loops. We find that indeed the contribution from the top quark loop exceeds the one-loop contribution, giving
where F (1) [(m t /m H ) 2 ] = −1.14 for m H = 100 GeV, using the notation of ref. [58] , and we took ρ tt u 0.08 from eqs. (33, 39) . Although this is much smaller than the current experimental bound, it is two orders of magnitude larger than the SM prediction [61] . We find that the other Barr-Zee diagrams are smaller, contributing 10
from the τ loop analogous to (67) and 10 −5 from the diagrams with t, b, ν, H ± , W ± in the loops (∆a
in the notation of [58] ).
Hadronic decays
Charged Higgs exchange contributes to hadronic decays of the τ , the simplest of which are τ → π − ν with branching ratio B = (10.83 ± 0.06)% and τ → K − ν with B = (7.00 ± 0.10) × 10 −3 [20] . The amplitude for τ → K − ν was already given in eq. (26) . Using the CT flavor ansatz (37) 
In both decays, the NP contribution interferes with that of the SM. If we assume that the hint for new physics in τ → Kν discussed in section 3.4 is just due to a statistical fluctuation, then by demanding that the extra contribution to the branching ratio does not exceed the experimental error, we find the constraints
assuming that ρ τ τ e = 2.5 and m ± = 100 GeV. We note that this constrains couplings ρ In the fit to be described below (section 8), we obtain (V ρ d ) us = 2 × 10 −4 , (V ρ d ) ud = 9.5 × 10 −4 . The NP contribution to τ → π − ν is therefore close to the limit.
The matrix element for D s → τ ν is
where f Ds = 0.248 GeV [62] . Using the observed branching ratio (5.55 ± 0.24)% [20] we obtain the bound
The value from our fit, (V ρ d ) cd = −2 × 10 −4 , is consistent.
b → sγ
The off-diagonal couplings in ρ d and V ρ d introduce new contributions to b → sγ at one loop, which is encoded by the effective Hamiltonian [63] 
Because of operator mixing, one should also consider the analogous operators O 8 , O 8 for the chromomagnetic moments. These have been computed for type I and II 2HDMs [64, 65] but not (as far as we can tell) for a general type III model. A full computation for this case might be interesting for future study. However most of the contributions appearing in our model can be inferred from the earlier calculations by transcribing the rightand left-handed couplings of the charged Higgs from the type I/II models,
where m u,d are the quark mass matrices. The dominant contributions to the one-loop charged Higgs diagrams in our model can be estimated by taking
in the Wilson coefficients [65, 66] C 7 = ξξ −3y 2 + 2y 6(y − 1) 3 ln y + 3y − 5y where y = (m t /m ± ) 2 . In (73) we have indicated the expressions following from our flavor ansatz (37) that involve the undetermined sign U tt = ±1. In the type I/II models, C 7 is smaller than C 7 by a factor of m s /m b , but we do not expect that in our model since there is no suppression of the right-handed couplings by m d . Instead, the primed coefficients are given by (75) (73) . With our flavor ansatz (37) , this implies that ξ 2 becomes larger by the factor 1/η 2 = 1.56 while ξξ remains the same.
Recent constraints on C 7 and C 7 (by which we always mean the NP contributions) at the scale of m b have been determined by ref. [67] , There are also Barr-Zee two-loop contributions that we find to be much smaller. For example the diagram with a top quark loop and neutral H 0 exchange generates [19, 68] 
where the loop function f (m
For the radiative decays of lighter quarks, it is not necessarily a good approximation to assume that the top quark contribution in the loop dominates, because the relevant coupling (V ρ d ) td is CKM-suppressed, and for c → uγ the dominant graph is from an internal b quark. For these decays we content ourselves with an estimate based upon the analogous treatment of leptonic processes τ → µγ studied in 2HDMs [68] , which obtains the separate contributions from neutral as well as charged Higgs exchange. Defining the operator coefficients in the effective Hamiltonian as
we find
where the loop function is f (x) ∼ = ln x 2 − 3/2. Our numerical fit values of the couplings implies |A sd L,R | ∼ = −2 × 10 −5 TeV −2 . The dipole operator gives rise to a hadronic matrix element
with f Kπ T = 0.4 [69] . It vanishes for on-shell photons in the decay K → πγ, but gives a nonvanishing contribution to leptonic modes mediated by the off-shell photon. Because A sd L = A sd * R , it does not contribute to the CP-violating decay K L → π + − , but it does contribute to K S → π + − whose measured branching ratio is (3 ± 1.5) × 10 −9 [20] . Adapting results of ref. [70] for K L decay, we find
(82) whereB T = 1.2 and ζ accounts for the renormalization of A sd R between the scale m H and µ = 2 GeV where the lattice matrix elements are computed. Assuming that the chromomagnetic moment g sd σ µν G µν s gets generated with the same coefficient as the electromagnetic one Q s edσ µν F µν s at the scale m H and accounting for the mixing of these operators under renormalization, ζ = η
2/25 = 0.9. Eq. (82) then gives the new physics contribution ∆B(K S → π 0 e + e − ) = 3 × 10 −13 , far below the measured value.
c → uγ
Proceeding similarly to the case of s → dγ, the dipole operators for c → uγ get contributions to their coefficients given by
The second of these (mediated by H 0 in the loop) is the largest, contributing
It is difficult to put precise constraints on this quantity because of highly uncertain long-distance contributions to the observable amplitudes. Here we content ourselves with a comparison to the SM short-distance contribution, estimated to be [71, 72] . On this basis the new contribution appears to be sufficiently small, especially since the observed ∆c = 1 decays are dominated by the longdistance contributions.
NUMERICAL DETERMINATION OF COUPLINGS
We now demonstrate numerically that it is possible to find values of the parameters consistent with all observables. We continue to assume that m H ∼ = m A for the new neutral Higgs bosons, and adopt the benchmark choice m H = 115 GeV, while taking m ± = 100 GeV and ρ τ τ e = 2.5, consistent with a Higgs mixing angle c βα ∼ = −8 × 10 −3 from eq. (29) . These values also satisfy collider constraints as long as ρ bb d , ρ tt u are sufficiently small, as we will verify, and Z → universality.
The best-fit values of the quark couplings ρ d are determined using a χ 2 statistic that incorporates the most constraining observables (in addition to the anomalies we set out to address), namely the tree-level contributions to meson mixing. We minimize χ 2 with respect to the elements of ρ d , with ρ u determined by the CT ansatz (37) leaves some degeneracy in the fit with respect to products of the form ρ ij q ρ ji q , which generally must be small to satisfy the mixing constraints. We partially resolve this degeneracy by trying to enforce |ρ ij q | ∼ |ρ ji q | as much as possible, to avoid having matrix elements that are unnaturally small, as we will discuss in section 9.
We make the simplifying approximation of real-valued ρ d and ρ u . 4 This requires ignoring the phase of the CKM matrix as well since ρ u = ηV ρ † d V † U according to (37) , where we take η = 0.8 and U = diag(−1, 1, −1) for definiteness. We therefore approximate V as an SO(3) matrix using eqs. (12.3-12.4) of [20] with the replacement ρ + iη → (ρ 2 +η 2 ) 1/2 , leaving for future work to incorporate phases into the analysis.
Using this fitting procedure, an example of couplings that are consistent with all constraints is 4 However we do not assume that phases are small when applying the limits on Wilson coefficients from meson mixing, where the bounds on imaginary parts can be orders of magnitude stronger than on the real parts. We allow for the possibility that the phases are O(1) for the interpretation of these bounds, by imposing the more stringent imaginary part limits. In fig. 5 we show the predicted values versus experimental limits on the magnitude of the C
2 , which is of the same order as the real part.
For the values of ρ bb d and ρ sb d given in (84), the cross section σ(bbH) = 1.2 pb for production of H by bb fusion, not far below the CMS upper limit of 1.8 pb, while the branching ratio for B s → τ + τ − is predicted to be 2.9%, close to the current upper limit of 5%.
Including τ → Kν deficit
In the preceding fit we did not try to obtain the negative value of (V ρ d ) us favored by eq. (27) for explaining the low τ → Kν determination of V us . Doing so introduces some tension with the limit on b → sγ. We are able to obtain (V ρ d ) us = −1.8 × 10 −3 , so that
−4 , close to the target value of (27) , while respecting all other constraints except for a marginal violation of the 2 σ limit on b → sγ. The fit gives C 7 = −0.036, which is still in the 3 σ allowed region of ref. [67] .
ONE-LOOP CORRECTIONS TO COUPLINGS
A texture present in the ρ matrices at tree level gets modified by loops involving products of ρ u,d as well as the CKM matrix V . Rather than estimating all possible loop corrections, it is more efficient to use a spurion analysis in which the Yukawa matrices are taken to transform under the full SU(3) u ×SU(3) d ×SU(3) Q flavor symmetries, constructing all combinations that transform in the same way as the couplings of interest. This generates a large subset of the complete set of flavor structures that should arise from the loop corrections.
The procedure captures the contributions from loops carrying momenta between the fundamental scale down to the scale of electroweak symmetry breaking. In particular, it accounts for one-loop diagrams of the type shown in fig. 6(a,b) . Diagrams of the type 6(c) require a mass insertion in the fermion line, which needs a more detailed computation. We defer such a study to the future, hoping that the terms included are reasonably representative of the full corrections. It is also possible that they give an overestimate of the true corrections, as the example of Z → τ + τ − in section 7.1 showed. In that process, the perturbation to the vertex turn out to be considerably smaller than a naive estimate of the loop diagrams suggested.
It is clearest to think initially in the unbroken phase, using the couplingsŷ u,d,e andρ u,d,e of the Lagrangian (3) in the original field basis before diagonalizingŷ u,d,e . The spurious transformation properties of the Yukawa matrices under the flavor symmetries are
where V i denotes an element of the SU(3) i flavor subgroup. At one loop, corrections that are cubic in the couplings are generated. Purely on the basis of the symmetries, we see that the following matrix structures would be allowed (now considering only the quark couplings):
Hence flavor symmetry alone allows 16 possible combinations as corrections to each kind of coupling. In practice, not all of these are realized by the diagrams in fig. 6 , as we will explicitly check. Moreover, for a coupling to a given external Higgs field, half of these are suppressed by the small mixing angle c βα , since for example the product of the two vertices associated with a loop involving H goes likeρ 2 +c βαρŷ +c 2 . Finally, it is convenient once the appropriate structures are identified to transform to the basis where the fermion mass matrices are diagonalized, and express the results in terms of y i (the diagonalized version ofŷ i ) and ρ i . This introduces factors of the CKM matrix V wherever there is a mismatch between u-and d-type indices. These come from diagrams with charged Higgs exchange.
Corrections to quark couplings
Beyond tree level, we can no longer characterize the nonstandard couplings by just ρ d and ρ u because the simple relation between the nonstandard couplings of the light Higgs h and the couplings of the heavy Higgs bosons is not preserved. The nonstandard Yukawa couplings get corrections of the form
From examination of the diagrams in fig. 6(a,b) , we estimate the corrections
2 . The contributions that are suppressed by c βα can be understood as having an odd or even number of ρ or y insertions respectively. For completeness, we include two corrections that exist also within the standard model, namely 1 u,d . We omit them from the following analysis since they do not involve the new physics we are investigating.
To test the degree of tuning required by our numerical fit, we have computed the maximum of each of these estimates using the numerical values of the couplings in (86). The magnitude of correction to each coupling, relative to its tree-level value, and the correction responsible for the largest effect in each matrix, is given by 
The most potentially worrisome elements are the corrections to y which is 0.06 of the experimental limit. Thus there is plenty of room for the tree-level couplings to receive corrections of the order we find without violating any experimental constraints.
Lepton couplings
Unlike for the quark couplings, naturalness does not require us to turn on any significant off-diagonal elements in ρ ij e . In the absence of neutrino masses, these are not generated by loops. Charged Higgs exchange generates an off-diagonal coupling of order . We do not pursue a more complete exploration of the allowed leptonic couplings here.
Higgs potential coupings
We can estimate the size of corrections to the Higgs potential couplings λ i more definitely than those for the quark couplings since the beta functions are known; see for example ref. [73] . Our scenario requires that λ 3 1 and λ 5 1, whereas the other λ i could be larger. Taking = 1/16π 2 (which ignores possible logarithmic enhancements), the dominant contributions to the oneloop corrections are of order
where g is the SU(2) L gauge coupling and we have ignored terms involving g (the SU(1) hypercharge) and the small λ 3 and λ 5 couplings. We have included the effect of ρ τ τ e where it is not suppressed by powers of the SM tau Yukawa coupling. To obtain the numerical estimates, we chose fiducial values of the other couplings that are consistent with the assumed mass spectrum m ± = 100 GeV, m H = 115 GeV,
The potentially worrisome corrections are those for the smallest couplings, λ 5 ∼ = −6×10 −4 using c βα = −8×10
(see eq. (29)) and eq. (7), and λ 3 ∼ = 10 −3 . Comparison with the estimates in (103) indicates that these values are relatively stable. Our choice of couplings in (104) allows for some accidental cancellation in δλ 5 between the bosonic and fermionic loops. Even without such a cancellation, the contribution from the top quark by itself is ∼ 3λ 5 which requires only a mild coincidence between tree and loop contributions to obtain the desired value. Although the correction to λ 6 is relatively large, the phenomenology of the model is largely insensitive to its value.
Landau pole
The large coupling ρ τ τ e ∼ = 2.5 may be expected to give rise to a Landau pole at a relatively low scale, indicating that further new physics will be required to achieve a UV complete description. To estimate this scale we consider the renormalization group equations that depend most sensitively on ρ τ τ e :
Numerically solving using the initial conditions λ 6 = 0.7 (see eq. (104)) and ρ τ τ e ∼ = 2.5 at the scale µ = 100 GeV, we find that the couplings diverge at µ ∼ = 55 TeV. fig. 7 . As in (3), H 1 is the SM-like Higgs field and H 2 is the new doublet, before mixing of the neutral mass eigenstates, and we take the Lagrangian at the high scale to be
which respects the full flavor symmetry. In In (106) 
In the quark mass basis,
With these results, we can now explain the origin of the ansatz (37) by computing the two sides of that relation:
One recognizes the condition R d = L d as that which would arise ifŷ d is a symmetric matrix. The other relation R u = U L u implies thatŷ U is symmetric. This means thatŷ u splits into two pieces, one symmetric and the other antisymmetric, having no nonvanishing elements in common. For example if U = diag(−1, 1, −1) thenŷ u has the structurê
We imagine that it is possible to find a potential V (Φ u ) whose minimum has this form. Then our ansatz, which at first sight appears contrived, can be a simple consequence of the SM-like Yukawa matrixŷ d being symmetric in the underlying theory of flavor, whileŷ u has the pattern (109), along with the "charge transformation" bifundamental Φ whose VEV gives rise to both ρ u and ρ d simultaneously.
Our focus has been to explain the initially peculiarlooking relation between quark couplings ρ u and ρ d proposed herein, rather than the leptonic couplings ρ e . From the flavor perspective the ansatz that ρ e is dominated by the single element ρ τ τ e is natural since no dangerous FCNCs arise even for large values of ρ τ τ e . However it may be possible to accommodate ρ e into the UV model in the obvious manner in parallel to the quark couplings, by adding fields with interactions
We then predict that
assuming that the mass matrix M e of the heavy vectorlike leptons is proportional to the unit matrix. If Φ is strongly dominated by the 33 element, to explain the hypothesized leptonic couplings, this would lead to quark couplings that are also dominated by the 33 elements, and with other elements generated from these by mixing with the approximate structure of the CKM matrix. Although we do not pursue this quantitatively here, the values given in (84, 85) appear to be roughly consistent with this expectation.
ALTERNATIVE MODEL
It is possible to design a similar model that is less constrained by collider searches, if a light sterile neutrino ν s exists. The R(D) anomaly could then be explained by the new process B → D ( * ) τ ν s contributing to the observed decays. Similarly B would get the new decay channel B → τ ν s , and H ± → τ ν s could contaminate the W → τ ν signal at LEP. However the apparent rate for τ → Kν could only be increased in this model because of the lack of interference with the SM amplitude. This same absence would also change the fits to the Wilson coefficients for explaining R(D): we estimate that
by fitting to the decay rates, which are larger than (16) (17) to compensate for the lack of interference (see appendix A). It would require a dedicated analysis to check whether this choice of coefficients significantly degrades the agreement with the decay spectra.
This scenario has the advantage that the stringent collider constraints from searches for H → τ + τ − are evaded, since now H decays almost exclusively into ν s ν τ . In appendix A we estimate that m H can become as large as 175 GeV, although it is still preferable to keep m ± close to 100 GeV to keep the new quark couplings small so that the predicted branching ratio for B → ν s ν τ remains reasonably small. Even though this decay mode is expected to be less constrained than that for B → τ + τ − , a theoretical understanding of the total width for B in the SM compared to the experimental value limits how large it can be. We give further details about this alternative model in the appendix.
CONCLUSIONS
The model we have presented is admittedly unlikely, requiring coincidences of several new particles and decay modes that are just below the threshold of detection. It is much more likely that some of the experimental anomalies that motivated the model will disappear. However, if the R(D) anomaly proves to be real and needs both
as indicated by several fits to the data, then our scenario seems to be the only kind of two Higgs doublet model that can be compatible with the observations. The simultaneous explanation of the other tentative anomalies in B → τ ν, W → τ ν (and possibly τ → Kν) is an added bonus that requires little extra model-building input.
The most striking prediction is that new Higgs bosons of mass ∼ 100 -125 GeV that may have been just beyond the kinematic reach of LEP, have couplings to b quarks that put the neutral one just below the current sensitivity of CMS searches. We expect that more data should soon reveal the existence of the neutral H in the τ + τ − channel at the LHC. A further prediction is that B s → τ + τ − will be observed with a surprisingly high branching ratio of several percent. The coupling of the SM-like Higgs boson to τ should be smaller than the SM expectation, possibly having the wrong sign. Higher precision tests of Z → universality should start to reveal an excess in Z → τ + τ − , and in the invisible Z width due to extra Z → ν τντ decays.
The framework also suggests that other observables could be on the edge of revealing new physics: τ → πν, b → sγ, and the neutral meson mixing amplitudes. These are less definite predictions, since we have allowed the new flavor-violating Yukawa couplings ρ ij u,d (apart from those directly involved in explaining R(D)) to be nearly as large as possible while remaining consistent with experimental constraints. It is possible that they are smaller, even though there is no fundamental reason that they should be. By studying the expected size of loop contributions to the new couplings, we found that they could indeed be smaller in many cases without requiring any fine tuning.
Even if all the hints of new physics that motivated this study should disappear, some of the ideas presented here could still be of value. First, the flavor ansatz (37) reduces the arbitrariness of the new couplings, allowing us to parametrize everything in terms of ρ d alone. In the absence of anomalous R(D), the need for sizable ρ sb d would disappear and make a symmetric ansatz for ρ ij d possible, further reducing the number of independent new Yukawa couplings. The primary motivation for our ansatz was to give a more definite flavor structure to the charged Higgs couplings than is generic if ρ u and ρ d are independent.
Second, we have shown that it need not be a disaster to allow generic new Yukawa couplings in two Higgs doublet models, even in the absence of any particular mechanism for suppressing FCNCs. It could be that the dangerous couplings are simply small, even though there is no symmetry principle to explain their smallness. Our model presents a counterexample to the usual concern, that small values require fine tuning. We estimated that the relative corrections from loops to the Yukawa couplings of the new Higgs fields are all less than 10 −2 , eqs. (96-97,100-101). The corresponding corrections to the nonstandard couplings of the SM-like Higgs (98-99) can in some cases exceed their tree-level values, but this does not lead to any significant FCNCs from h exchange, since they are still small enough to remain well below constraints from meson oscillations, as long as the Higgs potential coupling λ 3 that controls the splitting between m H and m A is 10 −3 . A variant model where the charged Higgs couples tō ν s τ L (where ν s is a light sterile neutrino) instead ofτ R ν τ is outlined in section 11 and appendix A. It has greater freedom in the allowed boson masses and couplings to quarks, making it harder to rule out. Whether it can provide as good a fit to R(D) requires further study.
Our original intent was to use a large ρ µτ e coupling instead of ρ τ τ e to explain the hint of h → µ ± τ ∓ decays of the SM Higgs seen by CMS and ATLAS [74, 75] . This turns out to be much more difficult because of the H → µ ± τ ∓ decay (with 100% branching ratio) of the new neutral boson. Even though no formal limits on m H with this decay channel have been published, we believe it would have been seen in the searches for h → µτ of the SM Higgs, ruling out this model. Hence a further prediction of the present model is that h → µτ events will prove to be a statistical fluctuation.
reason, then ρ † ν U ν =ρ ν , so that havingρ i ν ∼ =ρνδiτ in the original field basis would explain why (ρ † ν U ν ) τ is the dominant component of (ρ † ν U ν ) despite the large mixing angles in U ν . We will make this assumption in the following, and for simplicity ρ e = 0, so that the charged Higgs coupling to leptons reduces toρ ν H +ν s τ L + h.c..
Refitting R(D)
To fit the R(D) observations with this model, we must take into account that the new amplitude for B → D ( * ) τ ν s no longer interferes with the SM contribution due to the different neutrino flavor. To make the proper adjustment it is useful to parametrize the interference effect that occurs in the original model, where the ratios depend upon x ± = (C The fit (16,17) of ref. [16] corresponds to (x + , x − ) = (0.17, 1.66). In the sterile neutrino model, (A6) is modified by omitting the terms linear in x ± . We find that (x + , x − ) → (0.53, 2.59) to compensate for this change, leading to the Wilson coefficients (112). This rescaling ignores the effect of having no interference on the decay spectra, where the NP contribution to the amplitude multiplies q 2 , the invariant lepton pair mass squared [76] . Therefore the decay distribution will have a larger q 4 contribution and smaller q 2 , hardening the spectrum. We leave to future work to quantify the effect of this on the fits. Here it is mainly important that C cb S R remains relatively large, which was the motivation for this study.
Then eq. (15) implies
Comparison with (16, 17) implies that |ρ ν ρ u,d |, must be larger than in our previous determination by a factor of 1.7, while the parameter η becomes smaller, η ∼ = 0.67. of H ± , giving the effective interaction term
Applying the limit (61,62), we find
which is less restrictive than the analogous bound on ρ τ τ e . For m ± = 100 GeV, we find |ρ ν | < 3.5, and in general the bound is closely numerically fit by |ρ ν | < 2.9 (m ± /m Z )
2 . Combining this with (A7) puts a lower bound on the ρ d couplings,
For the new contribution to Z → ν τντ , the relevant expressions are as in (63) with the replacements ρ This evaluates to be 0.5 − 0.6 times smaller than F ντ in the original model, leading to a smaller contribution to the invisible Z width. In the alternative model, there is also a new contribution Z → ν s ν s , but it does not interfere with any SM amplitude so it is negligible.
Collider constraints
With H 0 decaying nearly 100% to ν s ν τ , LHC constraints from neutral Higgs searches are essentially removed. We are free to take m H ∼ = 175 GeV for example. Such a value is just compatible with EWPD constraints (the ρ parameter) on the m H -m ± mass splitting if m ± = 100 GeV. Then (32) is marginally satisfied (taking it to now apply to B s → νν decays) with a value that is compatible with (A11) even if ρ The combinationρ ν c βα is constrained by the invisible width of the Higgs boson due to h → ν s ν τ , limited to B(h → ν s ν τ ) < 36% by CMS [77] . This implies |ρ ν | < 1.7 × 10 −2 /|c βα |. A more stringent bound comes from the degradation of the total Higgs signal strength µ ∼ = 1.1±0.1 [29] by invisible decays (not compensated by any increase in production), which implies ∆B(h → νν) ∼ = 1 − µ = −0.1 ± 0.1 [78] . The 2σ upper bound implies |ρ ν | < 9 × 10 −3
|c βα | Since (A13) is compatible with both B s → νν and R(D), we are free to take larger mixing angle and smallerρ ν , for example c βα = 10 −2 andρ ν = 0.9, alleviating the mild naturalness tension for keeping c βα very small, that we encountered in the model with ρ . In this other limiting case, the branching ratio for B s → νν is reduced to the level of 0.5%. Thus while the alternative version of the model is less constrained, it still predicts a significant contribution to the invisible width of B s .
